Abstract: Nicotinamide adenine dinucleotide (NAD+) plays a role as a coenzyme in numerous oxidation-reduction reactions and mediates not only energy metabolism and mitochondrial functions, but also calcium homeostasis, aging, and cell death. Moreover, extensive evidence attests to the great importance of the non-redox functions of NAD+ via NAD+-consuming enzymes. Indeed, ADP-ribose transferases, cADP-ribose synthases and sirtuins emerge as NAD+ dependent enzymes with potent regulatory function in many physiological and pathophysiological processes. They have been shown to be involved in several neurological and cardiovascular disorders as well as in cancer and inflammation. In this review we will summarize the current knowledge about function of NAD+-consuming enzymes in the regulation of the immune system with particular emphasis on lung inflammatory disorders.
INTRODUCTION
The function of the mammalian immune system is to provide protection against exogenous pathogen antigens, as well as dysfunctional or aberrant endogenous antigens such as cancer cells. Immune cells can have highly lethal effects on their targets, which allows rapid and efficient clearance of undesired antigens, cells and microorganisms. However, if left uncontrolled, excessive immune response can cause damage of normal cells and tissues. This often constitutes the basis of chronic inflammatory conditions like rheumatoid arthritis, inflammatory bowel disease, etc.
The respiratory tract is constantly exposed to a broad range of pathogenic and non-pathogenic antigens, and immune cells play a crucial role in maintenance of airway homeostasis. Uncontrolled inflammation contributes to airway dysfunction and tissue remodelling, characteristic of acute lung injury and chronic lung diseases including asthma, chronic obstructive pulmonary disease (COPD) and lung fibrosis. These diseases represent a major health problem worldwide. For that reason, there is a growing need for the development of efficient therapies to treat lung inflammation.
Nicotinamide adenine dinucleotide (NAD+) has been known for years to play a role as a coenzyme in numerous oxidation-reduction reactions. The chemistry of this molecule allows it to serve both as an electron acceptor (in its oxidized form, NAD+) and as an electron donor (in its reduced form, NADH) in reactions catalyzed by enzymes of the mitochondrial electron transport chain, leading to the generation of adenosine triphosphate (ATP). Despite its role in energy metabolism, intracellular NAD+ is involved in various biological processes, including calcium homeostasis, antioxidation/generation of oxidative stress, gene expression, *Address correspondence to this author at the Laboratory of Cellular and Molecular Physiology, GIGA-Research, Faculty of Veterinary Medicine, University of Liège, Avenue de l'Hôpital 1, 4000 Liège, Belgium; Tel: +32 (4) 366 40 53; Fax: + 32 (4) 366 45 34; E-mail: agnieszka.strivay@ulg.ac.be aging, and cell death [1] . Moreover when released into the extracellular compartment via lytic or non-lytic mechanisms [2] , NAD+ can also act as a mediator or modulator of multiple immune and inflammatory responses [3] . However, the origin of endogenous extracellular NAD+ is still a matter of debate. Recently it has been shown that a significant level of NAD+ is present in exudates during the early phase of the inflammatory response and that this concentration is sufficient to provoke NAD+-induced T cell death (NICD) in vitro [4] . Injection of NAD+ into wild type mice induces massive depletion of T cells [4, 5] confirming the inhibitory function of NAD+ in T cell proliferation and cytotoxic activity in vitro [5] . It has been demonstrated by Seman et al. [6] that NAD+ selectively induces apoptosis of mouse T cells (both CD4+ and CD8+) but not B cells. Furthermore, the sensitivity to NICD is dependent on the developmental stage of lymphocytes [7] . Primed T cells escape the deleterious effect of NAD+, as fraction of activated/memory cells (CD44high, CD62Llow) is strongly enlarged after NAD+ treatment [4] . It has been shown as well that sensitivity to NICD is high in CD4+CD25+ regulatory T cell. This suggests that NAD+ treatment during the early phase of the immune response could contribute toward improved response through the elimination of naïve and immunosuppressive regulatory T cells [8] .
Recent evidence demonstrated the involvement of NAD+ in the regulation of lung immune responses via NAD+-consuming enzymes. Indeed, NAD+ can serve as a substrate for covalent protein modification catalyzed by three classes of enzymes: (i) adenosine diphosphate (ADP)-ribose transferases (ART) or poly(ADP-ribose) polymerases (PARP), (ii) ADP-ribose cyclases: CD38 and CD157, and (iii) sirtuins (type III protein lysine deacetylases). In this review we will address the question of what the role is of NAD+ depending enzymes in the maintenance of lung homeostasis and whether modulation of their activity could potentially serve as a target in anti-inflammatory treatment.
(ADP-RIBOSE) TRANSFERASES
Over 45 years ago Chambon et al. [9] demonstrated that addition of NAD+ to hen liver nuclear extracts stimulated synthesis of poly-ADP-ribose. This was followed by the discovery of mono-ADP-ribosylation in studies of bacterial toxins [10] . Mono-ADP-ribosylation is a phylogenetically ancient and covalent posttranscriptional modification of proteins in which the mono-ADP-ribosyltransferases (mARTs) transfer the ADP-ribose moiety of NAD+ onto a specific amino acid residue in target proteins while nicotinamide is released [11] . Poly-ADP-ribose is a homopolymer of ADP-ribose units linked by glycosidic bonds and synthesized by members of the poly(ADP-ribose)-polymerase (PARP) family [12] . Similarly to mono-ADP-ribose synthesis, poly-ADP-ribose synthesis requires NAD+ as a precursor. The simultaneous presence of ADP-transferase and hydrolase activity of most of the mARTs and PARPs, and the existence of ADP-ribosylhydrolases suggest that ADPribosylation of proteins acts as a reversible regulatory mechanism [13, 14] . ADP-ribosylation reactions have recently been shown to play important roles in many physiological and pathophysiological processes, including interand intracellular signalling, transcription, DNA repair, cell cycle regulation, mitosis as well as necrosis and apoptosis [15] [16] [17] . In the next sections we will summarize the current knowledge about the role of ADP-ribosylating enzymes in the modulation of immune responses with particular emphasis on lung inflammatory disorders.
Mono-(ADP-Ribose)-Transferases
In mammalian cells mono-ADP-ribosylation is catalyzed by arginine-specific mARTs, which share less than 10% sequence identity, but are structurally similar in their catalytic sites. The mammalian mART family includes four human subtypes (ART1, 3, 4, 5) and six murine subtypes (ART1, 2.1, 2.2, 3, 4, 5) [18] . All mARTs are linked to the cell surface via a glycosylphosphatidylinositol-anchor, except for ART5, which is a secreted protein [19] . The ART1 and ART2 proteins are the best characterized members of mART family at the genetic, biochemical and cell physiological level [15, 20] . As no enzyme activity has yet been demonstrated for ART3 and ART4 [18] and as ART5 functions are not yet known, this review will be focusing on ART1 and ART2 and their potential role in immunity.
ART1
ART1 has been shown to be expressed in skeletal muscle [21] , heart [22] and epithelial cells [23] as well as activated granulocytes [24] . However its function and protein targets are still not well elucidated. Allport et al. [25] demonstrated an important role of ART1-dependent ADP-ribosylation in inflammation through modulation of granulocyte functions. In human neutrophils, they showed a close correlation between ART1 activity and actin polymerization as well as chemotaxis. It has been also shown that ART1, which is constitutively expressed on the surface of cells lining the airway lumen [23] , modifies defensin human neutrophil peptide-1 (HNP-1), an antimicrobial peptide released by neutrophils. Indeed, ADP-ribosylation by ART1 and not other mART decreased antimicrobial and cytotoxic activities of HNP-1 but not the ability to stimulate T cell chemotaxis and interleukin-8 (IL-8) release from lung epithelial cells [26] . Moreover ADP-ribosylated HNP-1 was identified in bronchoalveolar lavage fluid (BALF) from patients with asthma, idiopathic pulmonary fibrosis, or a history of smoking but not in normal volunteers [27] . ART1 has been shown to possess pro-inflammatory functions as its inhibitors, metaiodobenzyl-guanidine and novobiocine, suppress the lipopolysaccharide (LPS)-induced production of IL-6 and IL-8 in human lung epithelial cells [28] . Furthermore, ART1 was upregulated in lung epithelial cells after stimulation with lipotheicoic acid and flagellin but not with LPS, peptidoglycan or poly(I:C) [29] , revealing a potentially important role of mono-ADP-ribosylation in innate immune responses in the airways.
ART2
The murine ART2 gene encodes two homologous isoforms, ART2.1 and ART2.2, whereas human beings do not express ART2 due to a functional inactivation of the ART2 gene by premature stop codons [30] . Mouse ART2 homologs are coexpressed on the surface of most mature peripheral T lymphocytes and show similar target specificities [31] . Yet ART2.1 is active only in the presence of reducing agent such as dithiothreitol (DTT) or cystein while ART2.2 appears to be constitutively active [32] . The ART2 protein has been shown to play a potentially important role in the control of immune responses by regulating T cell function [33] , however its role in the lung immunity is not yet known.
In the presence of micromolar concentrations of extracellular NAD+, ART2 ADP-ribosylates several membrane proteins including lymphocyte function-associated antigen 1 (LFA-1) [34] , CD8, CD44, CD45 and CD11a [35] , which inhibits cell contact and T cell trafficking [35] . ART2-mediated modification of surface proteins would thus have an inhibitory effect on the expansion of T cell responses. As previously mentioned, NAD+ was shown to induce T cell apoptosis [5] . This was demonstrated to be an ART2-dependent mechanism [33, 36] . Indeed two crucial findings confirmed ART2 as a necessary mediator of NICD. First, cells derived from ART2-deficient mice were resistant to NICD [37] . Second, pre-incubation of cells with ART2-specific antibodies effectively protected cells from NICD as well [6, 31, 36] . Seman et al. [6] have identified cytolytic P2X7 purinergic receptor (P2X7) as a key effector of NICD. Indeed, P2X7 in mouse T cells can be directly activated by ART2.2-mediated ADP-ribosylation, which induces calcium flux, pore formation, phosphatidylserine exposure, shedding of CD62L, cell shrinkage, and propidium iodide uptake [6] . Recently it has been shown that T cell activation induces down modulation of P2X7 expression and shedding of ART2 by TACE metalloproteinase leading to resistance to NICD [4, 7, 38] . Alternatively, CD4+Foxp3+ regulatory cells were demonstrated to be highly sensitive to NICD through the ART2-P2X7 pathway [8, 39] . This suggests that elimination of part of the naïve and regulatory T cells via ART2-dependent ADP-ribosylation would allow the expansion of Ag-primed T cell populations and thus increase T cell responses. However the exact role of ART2 in the development of the immune responses needs to be elucidated.
ART2 was shown as well to play an important role in autoimmune responses, since a deficiency of ART2 was observed in a model of autoimmune diabetes [39] . In the BB rat model of human type 1 diabetes, transfusion of ART2+ T cells protects the animals against autoreactive cells targeted to pancreatic beta cells [40] . In another study, a deficiency in a novel immunoregulatory population of ART2+ intestinal intraepithelial lymphocytes has been associated with the development of autoimmune diabetes [41] . On the other hand, mice lacking ART2 exhibit increased survival in a model of natural killer T cell-mediated autoimmune hepatitis [37, 42] . Hence other studies are necessary to clarify the role of ART2 protein in autoimmune diseases.
Although ART2 expression on T cells is extensively studied, its expression on in other cell types is ill-defined. It was shown that neither spleen macrophages nor peripheral macrophages displayed ADP-ribosyltransferase activity [35] . Recently, this has been reported as well for bone marrow derived macrophages (BMDMs), which were shown to lack constitutive expression of any of the six murine mARTs. However, stimulation of BMDMs with LPS, interferon (IFN)-or IFN-induced high expression of ART2.1, but not ART2.2. The catalytic function of the induced cell surface ART2.1 was strictly dependent on the presence of extracellular thiol-reducing cofactors, suggesting that in vivo activity of ART2.1-expressing macrophages may be potentiated in hypoxic conditions often present at inflammatory sites [43] . As macrophages and T cells are potent regulators of lung immunity, these recent findings support a potential role of ART2 protein in the development and maintenance of immune responses in the lungs. Yet, no study has been performed to test whether ART2 deficient mice are less susceptible to inflammatory stimuli. Thus, it would be interesting to investigate whether abrogation of ART2 can attenuate immune responses in models of chronic lung inflammatory diseases.
Poly(ADP-Ribose)-Polymerases
PARP-encoding genes now constitute a superfamily of at least 18 members that share homology with the catalytic domain of the founding member, PARP-1. The characterization of all family members is incomplete so there is still concern that some PARP-like homologues may not be catalytically active and thus are not actually PARPs [12] . PARP-1 protein is the best studied member of PARP superfamily and its activity is responsible for approximately 90% of the total poly(ADP-ribose) formation in a living cell. This was confirmed in PARP-1 deficient mice, which show a residual 10% polymer production after challenge [44] . The role of PARP-1 was broadly investigated and it was shown to play an important role in DNA repair, maintenance of genomic integrity, replication and transcriptional regulation [45] . As such, the key acceptors of poly-ADP-ribose are histones, DNA repair proteins and transcription factors. On the other hand, high PARP-1 activity induces cell death either by apoptosis or by necrosis via depletion of intracellular NAD+ [46] . Therefore PARP-1 was shown to be involved in several neurological [47] [48] [49] and cardiovascular disorders [50] as well as in cancer [51] and inflammation [17, 52, 53] . Focusing on the connection between PARP-1 dependent cell death and PARP-1 regulated inflammation, selected publications related to the lung pathologies will be discussed below.
PARP-1 in Lung Disorders
PARP-1 was shown to play an important role in several lung disorders including fibrotic lung diseases, ischemia/reperfusion injury, sepsis and endotoxic shock. For PARP-1 function in fibrotic lung diseases, the reader is referred to the review article of Virlág [54] , while the other lung diseases will be discussed herein.
Ischemia/reperfusion (I/R) occurs when blood flow is temporarily blocked and then restored. Oxidative stress and inflammation occurring during reperfusion may cause severe tissue injury in various organs including the lungs, heart and brain. A protective activity of PARP-1 inhibition was shown in I/R-induced brain and heart injury [55] . In the lungs, the PARP inhibitors INO-1001 and 3-aminobenzamide (3-AB) decreased vascular permeability and alveolar leukocyte accumulation caused by I/R injury [56, 57] . This was correlated with decreased nuclear translocation of nuclear factor-B (NF-B) and activator protein 1 (AP-1) and secretion of cytokine-induced neutrophil chemoattractants (CINC) and monocyte chemoattractant protein 1 (MCP-1) into the alveolus (Fig. 1A) [58] . The beneficial effects of INO-1001 were also shown in a dog model of cardioplegic arrest and extracorporeal circulation [59] and a rat model of obliterative bronchiolitis occurring after lung transplantation [60] . Allografted airways treated with INO-1001 demonstrated attenuated NF-B nuclear translocation and reduced transcription of tumour necrosis factor (TNF)-, indicating proinflammatory effects of PARP-1 activation [60] . Recently, Su et al. [61] have demonstrated elevated levels of poly-ADP-ribose in the lungs following I/R. Moreover, nicotinamide reduced the expression of inducible nitric oxydase synthase (iNOS) and pro-inflammatory cytokines, as well as the levels of nitric oxide (NO) and free radicals, while restoring ATP levels. These effects were suggested to be due to PARP-1 inhibition [61] .
Oxidative stress induced by hyperoxia was shown to induce PARP activity in oxygen-exposed mouse lungs [62] . Moreover, in this model, PARP-1 deficient mice exhibited significantly higher lung cell hyperplasia and proliferation than wild type (WT) animals. This was accompanied by an increased inflammatory response in PARP-/-mice characterized by increased neutrophil infiltration and IL-6 levels in BALF. However, in contrast to WT mice, the lesions caused by hyperoxia were reversible and did not result in fibrosis [63] .
Recently, over-activation of PARP-1 has been shown to play an important role in transcriptional pathogenesis of ventilator-induced lung injury (VILI), and PARP-1 inhibition has potentially beneficial effects on the prevention and treatment of VILI [64] . Indeed PJ-34, a PARP-1 inhibitor, decreased the levels of IL-6 and active plasminogen activator inhibitor 1 (PAI-1) in the lungs, attenuated leukocyte lung transmigration, and reduced pulmonary oedema and apoptosis (Fig. 1B) [65] . PARP-1 inhibitors were also demonstrated to reduce the lung injury caused by bleomycin, a DNA damaging agent [66] .
The influence of PARPs activity during sepsis has been tested extensively [53, 67, 68] . In 2002, Liaudet et al. [69] demonstrated that the absence of functional PARP-1 reduced LPS-induced cytokine expression (TNF-, MIP-1 and IL-6), NO production, and lipid peroxidation (Fig. 1C) . Alveolar neutrophil accumulation, hyperreactivity and lung damage were also attenuated [69] . PARP-1 gene silencing or inhibition by niacinamide, but not by PJ-34, also diminished IL-1 and MIP-2 expression [69, 70] . The beneficial effect of pharmacological PARP-1 inhibition was also shown in an ovine model of acute lung injury caused by smoke inhalation and Pseudomonas aeroginosa instillation [71] as well as in LPS-induced lung injury in rabbits [72] . The pretreatment of rabbits with 3-AB attenuated LPS-induced AP-1 activation but enhanced NF-B activation [72] . On the other hand, several groups already demonstrated that PARP-1 inhibitors, like 4-hydroxyquinazoline (4-HQN) or 3-AB, decreased activation of NF-B and AP-1 in murine model of LPSinduced endotoxic shock (Fig. 1C) [58, 60, 73] . Taken together, although PARPs inhibition has been proved to be effective against endotoxin induced organ failure, additional studies are necessary to elucidate the molecular mechanism of this process.
PARP-1 in Chronic Inflammatory Diseases
Important roles of PARP-1 were proposed in chronic lung inflammatory diseases as well. Indeed the percentage of poly-ADP-ribose polymer-positive lymphocytes appeared to be higher in COPD patients than in healthy age-matched controls, while the blood level of NAD+ was significantly reduced in COPD patients [74] . Moreover, it was demonstrated that theophylline, a widely used compound in the treatment of COPD, inhibits PARP-1 in a dose dependent manner [75] , suggesting PARP-1 as a potential target in COPD treatment. Recently, systemic PARP-1 activation was found in alveolar macrophages in response to prolonged exposure to the fuel compound JP-8 [76] . This suggests that an extensive induction of PARP-1 may coordinate persistent expression of pro-inflammatory mediators and stimulate chronic inflammatory responses. Consistent with these findings, several studies demonstrated the beneficial role of PARP-1 inhibitors in chronic allergic inflammationasthma. The first study directly addressing the role of PARP activation in asthma was published by Boulares et al. [77] . They showed increased activity of PARP-1 in a murine model of asthma evoked by intranasal application of ovalbumin (OVA) in OVA-sensitized mice. Use of 3-AB prevented OVA-elicited airway inflammation. Moreover, PARP-1-/-mice were resistant to OVA-induced inflammation. Another group using the same animal model showed that asthma prevention by PARP-1 inhibition is strongly dependent on the severity of lung inflammation [78] . Indeed, severe inflammation was not affected by a PARP-1 inhibitor (PJ-34), and expression of MIP-2 or production of eosinophil recruiting IL-5 or IL-13 was not impaired. However, inflammatory cytokine (TNF-and IL-12), and chemokine (MIP-1) production was strongly suppressed [78] . Also in a guinea pig model of OVA-induced asthma, the PARP-1 inhibitors 3-AB and 5-aminoisoquinolinone (5-AIQ) decreased TNF-amounts in BALF and improved all the respiratory parameters assayed [79] . In contrast to the results of Virág et al. [78] , Oumuna et al. [80] demonstrated that PARP-1 is involved in allergen-induced lung inflammation by preventing eosinophilic infiltration into the airways. They have shown that production of IL-5, IL-10, IL-13 and granulocyte macrophage-colony stimulating factor (GM-CSF) was completely abrogated in lungs of OVA-challenged PARP-1-/-mice, while production of IL-4 was only moderately affected (Fig. 1D) . These effects were mimicked by a single injection of the PARP inhibitor TIQ-A prior to OVA challenge in WT mice [80] . A single injection of TIQ-A one or 6h post-allergen challenge also conferred similar reduction in OVA challenge-induced eosinophilia [81] . Recently, Naura et al. [82] have demonstrated a reciprocal relationship between iNOS and PARP-1 as a potential regulatory mechanism of allergen-induced eosinophilia. iNOS expression was shown to be required for PARP-1 activation upon OVA challenge and PARP-1 was required for iNOS expression. However the expression of iNOS seems to be dispensable for eosinophilia as iNOS inhibition is ineffective in preventing allergen-induced inflammation in humans [82, 83] . Therefore, further studies are necessary to elucidate the exact function of poly-ADP-ribosylation in the regulation of allergic inflammation.
ADP-RIBOSE CYCLASES
The ADP-ribose cyclase family in mammals consists of 2 membrane ecto-enzymes, known as CD38 and CD157, which are highly conserved and have been found in organisms ranging from sea slugs to mammals [84] . Expressed in distinct patterns in most of tissues, CD38 and CD157 cleave NAD+ and NADP+, generating cyclic ADP-ribose (cADPR), nicotinic acid adenine dinucleotide phosphate (NAADP+) and ADP-ribose, which play important roles in calcium signalling [85] . Members of the ADP-ribose cyclase family control complex processes, including cell activation and proliferation, muscle contraction, hormone secretion, and immune responses [86] . Moreover they serve as receptors with enzyme-dependent or -independent signalling properties [84, 87] .
CD157 protein was demonstrated to play a role in B cell development and antibody production in vivo and to regulate critical functions of human neutrophils, promoting polarization, chemotaxis and diapedesis. However its function in immunity still needs to be elucidated.
Contrarily to CD157, CD38 function has been broadly studied and several reviews are available concerning its role in immunity [84, 86, 87] . CD38 is used as a convenient marker of immune cell development and indicator of progression of several diseases like human leukemias and myelomas. It is directly involved in the pathogenesis and outcome of human immunodeficiency virus infection and chronic lymphocytic leukaemia, and controls insulin release and the development of diabetes [86] . The loss of CD38 function is associated with impaired immune responses, metabolic disturbances, and behavioural modifications in mice [86] . Moreover Deshpande et al. [88] have shown decreased lung responsiveness to different doses of metacholine in CD38-/-mice, as determined by changes in lung resistance and dynamic compliance. Airway hyperreactivity (AHR) was also shown to be diminished in CD38-/-mice in several mouse models of allergic inflammation [89] [90] [91] . CD38-/-mice develop significant airway and parenchymal inflammation after nasal IL-13 challenges and both WT and CD38-/-mice develop AHR. However, the magnitude of AHR observed in WT mice was significantly greater than that of CD38-/-mice [91] . This was confirmed in an Aspergillus fumigatus-induced model of allergic asthma, where again allergen-associated AHR was decreased in CD38-/-mice, despite preserved airway inflammation [90] . CD38-/-mice sensitized and airway challenged with OVA exhibited strongly reduced AHR in comparison with WT mice. However, this was accompanied by a decrease in typical hallmarks of pulmonary inflammation, including eosinophilia and lymphocytic lung infiltrates, as well as IL-4, IL-5 and IL-13 levels [89] . Antigen-specific immunoglobulin (Ig) E and IgG1 antibody titers were substantially reduced. Transferring CD38-/-bone marrow into WT mice showed reduced AHR levels, while reconstitution of lethally irradiated CD38-/-mice with WT bone marrow did not restore WT levels of AHR [89] . These studies demonstrate that CD38 acts as a modulator of lung inflammation and furthermore, the CD38 Fig. (2) . Regulation of CD38 expression in ASM cells. TNFligation to its cell surface receptor results in p38 and JNK MAPK activation. p38 and JNK activate transcription factors NF-B and AP-1 which in turn increase the expression of CD38. IFN-, IL-1 and IL-13 increase CD38 expression as well, through yet unknown molecular pathways. Increased activity of CD38 results in cADPribose production, increased intracellular calcium concentration and subsequently increased ASM contractility. AP-1, activator protein 1; ASM, airway smooth muscle cells; IFN, interferon; IL, interleukin; JNK, c-Jun NH 2 -terminal kinase; MAPK, mitogen-activated protein kinase; NF-B, nuclear factor-B; TNF-, tumour necrosis factor . function in AHR development was attributed to changes in calcium homeostasis in airway smooth muscle cells (ASM) induced by inflammatory and Th2 cytokines [92] . In vitro studies showed that CD38 expression and its enzymatic activities are increased by TNF-, IFN-, IL-1 and IL-13 ( Fig. 2) [93] [94] [95] . TNF--induced CD38 expression is transcriptionally regulated and involves NF-B-dependent andindependent mechanisms [96] . Recently it has been shown that CD38 expression in ASM cells can be regulated by NF-B and AP-1 activation involving both p38 and JNK MAP kinases [97] . The increase in CD38 expression is associated with augmented intracellular calcium concentration, which are largely attributable to cADP-ribose and subsequent increased ASM contractility (Fig. 2) [94] . These studies together with murine models of allergic inflammation implicate CD38 in normal airway function and AHR.
SIRTUINS
Sirtuins are evolutionary conserved proteins, discovered in Sacharomyces cerevisiae by Klar et al. [98] during studies on the silencing at the mating-type loci. Later, a set of four genes was discovered in yeast (SIR1-4) [99] . Due to the global deacetylation of yeast histones observed when SIR2 was overexpressed, sirtuins have been classified into the class III of histone deacetylases (HDAC) [100] , as they are strictly NAD+-dependent in contrast to class I, II and IV (HDAC) that are Zn+-dependent enzymes. Indeed, sirtuins cleave NAD+ to produce nicotinamide and O-acetyl-ADPribose [101] . Moreover Frye [102] has demonstrated that SIR2 proteins from bacteria, yeast and mammals were able to transfer an ADP-ribose group from NAD+ to protein carriers revealing an ADP-ribosyltransferase activity of sirtuins. In mammals seven homologues of SIR2 have been identified (SIRT1-7) [102, 103] . They are ubiquitously expressed in human tissues, although higher mRNA expression levels are detected in the brain and testis for most of the sirtuins [102, 104] . The most studied mammalian sirtuin, SIRT1 has been shown to regulate histones (H1, H3 and H4) [104] as well as non-histone substrates including p53 [105] , forkhead transcription factors (FOXOs) proteins [106] , p300 [107] , NF-B [108] and peroxisome proliferator-activated receptor coactivator 1 (PGC-1 ) [109] , implicating sirtuins in apoptosis, cell survival, transcription, caloric restriction and aging. SIRT1 was also suggested to play a role in inflammation via the regulation of pro-inflammatory transcription factors. Indeed, it was demonstrated that SIRT1 regulates NF-Bdependent transcription in response to TNF- [108] through deacetylation of the RelA/p65 subunit of NF-B, thereby inhibiting NF-B activity [108, 110] . This was supported by the studies of Pfluger et al. [111] where it was shown that mice over-expressing SIRT1 are protected from hepatic inflammation and display marked LPS hypersensitivity due to lower NF-B activation. In addition, SIRT1 has been shown to repress transcriptional activity of AP-1, another pro-inflammatory transcription factor [112] . However, its role in vivo is not yet elucidated. Recently, the role of sirtuins in lung inflammatory diseases has been assessed. Indeed, reduced levels of SIRT1 and increased activation of NF-B were shown in lungs of smokers and patients with COPD. This may result in an abnormal NF-B-mediated chronic inflammatory effect [113] . The importance of SIRT1 in lung inflammation was confirmed in SIRT1-deficient mice which present increased neutrophil infiltration in the lungs [114] . These observations therefore suggest that SIRT1 inhibition leads to exaggerated lung inflammation.
Environmental stress, such as cigarette smoke exposure, has been shown to decrease SIRT1 levels both in macrophages in vitro and in rat lungs in vivo [115] . This was associated with increased IL-8 and TNF-release. Moreover, a pharmacological activator of SIRT1, resveratrol, attenuated cigarette smoke extract-induced pro-inflammatory cytokine release in human monocyte/macrophage cells (MonoMac6), supporting an anti-inflammatory potential of SIRT1 [115] . The recent studies of Rajendrasozhan et al. [113] have demonstrated that decreased SIRT1 levels in cigarette smoke extract-treated MonoMac6 cells was associated with increased acetylation of RelA/p65 (Fig. 3) . Loss of SIRT1 resulted in increased acetylation of RelA/p65 and IL-8 release, whereas overexpression of SIRT1 decreased IL-8 release in response to cigarette smoke extracts [113] . Altogether further studies are necessary to investigate the mechanism of sirtuins inhibition in vivo and the potential use of SIRT1 modulators in the treatment of inflammation. Fig. (3) . Cigarette smoke inhibits SIRT1 leading to increased inflammation. Cigarette smoke-mediated oxidative stress reduces the expression of SIRT1, resulting in increased acetylation of the RelA/p65 subunit of NF-B. Enhanced activity of NF-B leads to increased transcription of pro-inflammatory mediators and subsequently to inflammation. NF-B, nuclear factor-B; SIRT1, sirtuin 1.
CONCLUSIONS
Extensive evidence presented in this review attests to the great importance of the non-redox functions of NAD+ in inflammation and inflammatory disorders. Although the role of NAD+ in inflammatory lung disease is not completely elucidated, recent findings suggest that NAD+-consuming enzymes are crucial regulators of immune responses. As summarized herein, various studies showed that NAD+-dependent enzymes are active in a majority of immune and non-immune cells involved in the maintenance of lung ho- (Fig. 4) . Moreover, several observations suggest that there is an important interplay between these three groups of enzymes. Indeed, ARTs, ADP-cyclases and sirtuins consume the same substrate, NAD+, consequently limiting its availability to each other. For instance, SIRT1 and ART2 activity has been shown to be downregulated by CD38 [116, 117] and PARPs inhibits SIRT1 activity by declining the NAD+ level and rising nicotinamide levels [118] . As the NAD+ consuming enzymes often function in the same processes but in opposite ways, the balance between their activities may be essential for the regulation of the amplitude and duration of the inflammatory responses. Consequently, it would be of great interest to understand how the cross talk between these NAD+-consuming enzymes occurs at a subcellular level and how NAD+ homeostasis is regulated, under normal conditions and upon inflammatory challenges. This knowledge will likely be crucial for the development of NAD+-dependent enzyme modulators and their potential therapeutic use. Indeed, there is a growing body of experimental evidence demonstrating a protective activity of PARP-1 inhibitors in several animal models of lung inflammatory disorders. Moreover, pharmacological activator of sirtuins, resveratrol, diminished inflammation through decreased proinflammatory cytokine release. Thus, specific inhibition or activation of NAD+-consumers during lung inflammation may be a novel and powerful tool in therapeutic intervention of chronic inflammatory lung diseases in the future. Fig. (4) . NAD+-consuming enzymes in the regulation of lung immune responses. ART proteins play important roles in immunity by regulating immune cell functions such as T cell trafficking and apoptosis (via P2X7 receptor), neutrophil chemotaxis, as well as cytokine secretion by epithelial cells. PARPs regulate lung inflammation, as increased activity of PARPs was correlated with activation of NF-B, AP-1 and iNOS leading to pro-inflammatory cytokine release, leukocyte infiltration and hyperresponsiveness. ADP-cyclases play a role in B cell development, neutrophil polarization, chemotaxis and diapedesis. In the lungs, ADP-cyclases regulate smooth muscle contractility. Sirtuins were shown to possess anti-inflammatory properties through inhibition of NF-B and subsequently reduced cytokine secretion by lung inflammatory cells and macrophages in vitro. AP-1, activator protein 1; iNOS, inducible nitric oxydase synthase; NF-B, nuclear factor-B; P2X7, cytolytic P2X7 purinergic receptor. 
